We examined the effect of high-fat (HF) feeding on blood pressure (BP) regulation, including hypothalamic redox signaling, as well as the changes in diurnal patterns and responses to restraint stress. Furthermore, we investigated whether HF feeding affects catecholamine and neuropeptide Y (NPY) biosynthesis in the adrenal medulla. Male obesity-prone Sprague-Dawley rats were fed with standard rat chow or 60% HF diet for 6 months. BP and heart rate (HR) were measured by telemetry, and circadian changes as well as responses to 20 min restraint stress were analyzed. Mean arterial BP was significantly elevated in HF rats both during daytime and nighttime compared with controls, whereas HR was elevated only during the day. BP and HR increased similarly in response to stress in both experimental groups; however, post-stress recovery of BP and HR were significantly delayed in HF animals. Protein levels of angiotensin II type 1 receptor (AT 1 ) and NOX2, p67 phox and p47 phox subunits of NADPH oxidase, as well as NADPH oxidase activity increased significantly in the hypothalamus with HF feeding, whereas levels of antioxidant enzymes and nitric oxide synthases remained unchanged. In addition, HF diet also elevated the adrenomedullary protein levels of tyrosine hydroxylase and NPY. This study shows that feeding obesity-prone Sprague-Dawley rats with a HF diet results in elevated BP and HR and delayed cardiovascular post-stress recovery, and that these changes are paralleled by increases in the expression and activity of NADPH oxidase in the hypothalamus without a compensatory increase in the antioxidant enzyme levels, possibly leading to superoxide-mediated sympathoexcitation and hypertension.
INTRODUCTION
Obesity is the most prevalent nutritional disorder in industrialized countries, and it is associated with increased risk of hypertension and cardiovascular diseases. In addition, there is considerable evidence that activation of the sympathetic nervous system (SNS) has a key role in the pathogenesis of obesity-related hypertension both in experimental animals 1 and in humans. 2 The brain renin-angiotensin system is an important regulator of SNS activity and arterial blood pressure. Central angiotensin II (AngII) enhances sympathetic outflow, blunts baroreflex sensitivity and stimulates secretion of vasopressin through its actions at various hypothalamic and medullary areas. 3 In addition, AngII-mediated mechanisms seem to be involved in obesity-related hypertension. For instance, AngII type 1 (AT 1 ) receptor blockade normalizes the blood pressure of obesity-prone high-fat (HF) diet-fed animals, 4 and increases in blood pressure in response to central AngII infusion are also significantly elevated in Zucker obese rats compared with lean animals. 5 Superoxide anion has been indicated to mediate central AngIIinduced cardiovascular responses. For example, increases in blood pressure, heart rate and drinking elicited by the central injection of AngII were abolished by overexpression of superoxide dismutase (SOD) in the brain stem, 6 and NADPH oxidase-dependent superoxide production has been shown to mediate AngII-induced responses both in the brain stem 7 and in the hypothalamus. 8 Furthermore, sympathoexcitation in response to emotional stress 9 and heart failure 10 is also mediated by AngII and superoxide. Besides superoxide, nitric oxide (NO) has also been implicated in the regulation of SNS activity and blood pressure. Studies using NO synthase inhibitors suggest that tonic synthesis of NO inhibits SNS activity both in the brain stem and in the hypothalamus. 11 On the other hand, overexpression of inducible NO synthase (iNOS) in the rostral ventrolateral medulla increases oxidative stress and elevates SNS activity. 12 As obesity affects both redox signaling and NO synthesis throughout the body, [13] [14] [15] there is a possibility that oxidative stress and reduced bioavailability of NO in cardiovascular regulatory nuclei mediate, at least in part, sympathoexcitation and blood pressure elevation in response to obesity.
Therefore, in this study, we examined the effect of HF feeding on central blood pressure regulation, including changes in diurnal patterns and responses to restraint stress. In addition, we also tested whether HF diet-induced obesity affects hypothalamic AngII-and redox signaling, as well as expressions of neuronal and inducible NO synthases (nNOS and iNOS). Effects of HF diet were also evaluated on adrenomedullary expressions of tyrosine hydroxylase (TH) and neuropeptide Y (NPY), which have been shown to correlate with SNS activity. TH is the rate-limiting enzyme in catecholamine biosynthesis, whereas NPY is coreleased with catecholamines and has an important role in the regulation of catecholamine biosynthesis. 16 
METHODS

Experimental animals
Experiments were conducted according to the Guiding Principles in the Care and Use of Laboratory Animals, and procedures were approved by the local Institutional Animal Care and Use Committee. Male obesity-prone SpragueDawley rats were purchased from Charles River (Boston, MA, USA). This animal strain was developed by selective breeding of outbred Sprague-Dawley rats for elevated body weight gain on a high-energy diet. These animals develop obesity and metabolic syndrome with insulin resistance, impaired glucose tolerance and dyslipidemia when fed with a HF diet. 17 Animals were acquired at 6 weeks of age, and were fed ad libitum either with standard rat chow (15% fat; 3.3 kcal g -1 ; diet-2018; Harlan Teklad, Madison, WI) or a HF diet (60% fat; 5.2 kcal g -1 , D12492; Research Diets, New Brunswick, NJ, USA). After 3 months of diet, radiotelemetric probes were implanted with the cannulation of the femoral artery for the measurements of blood pressure and heart rate. Rats were housed individually with a 12:12 h light/dark cycle (0700 to 1900 h).
Radiotelemetry
The right femoral artery was cannulated with the catheter of the transmitter (model PA-C40; Data Sciences International, St Paul, MN, USA) under isoflurane anesthesia, and the transmitter was placed in a subcutaneous pocket. Blood pressure and HR measurements started after 4 weeks of recovery from surgery using the telemetry system (Data Sciences International), and these parameters were measured for 2 months. Locomotor activity was also calculated using the telemetry system from a variation in signal strength.
Restraint stress
Two months after surgery (after 5 months of HF feeding), MABP and HR changes in response to stress were evaluated by placing the animals in acrylic cylinder restrainers for 20 min. MABP and HR were measured for 30 min before stress, during the 20-min stress period and for 30 min after stress.
Tissue harvesting and preparation
Animals were over-anesthetized with pentobarbital (120 mg kg -1 i.p.); the adrenal glands and the hypothalamus were removed quickly and frozen immediately in liquid nitrogen. At the time of the assay, the adrenal glands were decapsulated and the medullae were separated from the cortex. The adrenal medullae and the hypothalamus were homogenized in phosphate buffer (2 mM NaPO4, 0.2% Triton, pH 7.0).
Northern blot
The TH and NPY mRNA levels were determined using northern blot as previously described. 18 Briefly, total cellular RNA was extracted using Trireagent (Sigma, St Louis, MO, USA), and the isolated RNA was quantified by spectrophotometry. Membranes were hybridized with 32 P random primergenerated probes. After hybridization, the membranes were washed and exposed to the phospho screen for 24 h using a Phospho Imager (Molecular Dynamics, Sunnyville, CA, USA). Screens were scanned and analyzed using Image Quant software (Molecular Dynamics).
Western blot
TH, AT 1 receptor, NOX2 (NADPH oxidase subunit-2), p47 phox , p67 phox protein levels were determined using western blot as previously described. 18 Briefly, an equal amount of protein for each sample was separated by 12.5% SDS-PAGE, transferred onto a nitrocellulose membrane and blocked with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween 20. Blots were incubated overnight at 4 1C with anti-TH (Pel-Freez Biologicals, Rogers, AR, USA), anti-AT 1 (Fitzgerald Industries, Concord, MA, USA), anti-gp91/NOX2 (BD Transduction Labs, San Diego, CA, USA), and anti-p47 phox and anti-p67 phox (Upstate, Temecula, CA, USA) antibodies. Bound antibodies were detected by chemifluorescence.
NADPH oxidase activity
NADPH oxidase activity was measured with a lucigenin-enhanced chemiluminescence assay using hypothalamus homogenates. Tissue samples were incubated in artificial CSF at 37 1C in a luminometer (BMG Fluostar Optima, Offenburg, Germany). Scintillation counts were obtained for 30 min in the presence of NADH (100 mM) and lucigenin (5 mM), and background-corrected values were normalized to protein content.
Characterization of the metabolic effects of HF feeding
Blood samples were taken by cardiac puncture from non-fasted animals at the time of killing. Plasma insulin levels were measured using a rat insulin enzymelinked immunosorbent assay (ELISA) kit (Millipore, Billerica, MA, USA), and glucose levels were assessed using a kit from Biovision (Mountain View, CA, USA), whereas total cholesterol and triglyceride levels were measured by assays from Wako Diagnostics (Richmond, VA, USA).
Statistical analysis
Data were expressed as means ± s.e. Differences between experimental groups were evaluated using analysis of variance, followed by Tukey's post hoc test. The criterion for significance was Po0.05.
RESULTS
Body weight of HF diet-fed rats increased more rapidly compared with controls, and became significantly elevated after 10 weeks of diet ( Figure 1 ). Rats in both groups lost weight after telemetric surgery; however, following 4 weeks of recovery, rats regained their pre-surgery body weights. By the 18th week of diet feeding, HF rats again weighed significantly more than control rats, and at the end of the 24-week diet treatment, HF-fed animals weighed 728 ± 11 g (n¼6) compared with chow-fed animals, 634±15 g (n¼6, Po0.01; Figure 1 ). In addition, HF feeding also led to dyslipidemia. Both non-fasting total cholesterol and triglycerides were significantly elevated in HF rats (Table 1) . In contrast, non-fasting insulin and glucose levels were similar in the control and HF groups. 
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Resting blood pressure, heart rate and locomotor activity Blood pressure values were significantly elevated in the HF group compared with controls. In control rats, daytime mean arterial blood pressure (MABP), diastolic blood pressure (DBP) and systolic blood pressure (SBP) were 110.6±1.4, 95.6±1.8 and 133.1±2.0 mm Hg, respectively, whereas in HF animals, daytime MABP, DBP and SBP were 116.1 ± 2.2, 101.3 ± 3.4 and 138.3 ± 2.6 mm Hg (Figure 2 , Po0.05 vs. control for all three parameters). Nighttime blood pressure levels were similarly elevated in HF animals (MABP, DBP and SBP were 121.3 ± 2.3, 105.5 ± 3.3 and 144.2 ± 2.7 mm Hg) compared with controls, where MABP, DBP and SBP were 115.5 ± 1.4, 100.1 ± 1.6 and 138.4±2.1 mm Hg, respectively (Figure 2, Po0.05 for all three parameters). In contrast, HR was elevated in the HF animals only during the day (341 ± 6 b.p.m. compared with 327 ± 6 b.p.m. in controls, Po0.05), whereas nighttime HR levels were similar in the control (365±8 b.p.m.) and HF groups (367±7 b.p.m., Figure 2 ). These differences in MABP and HR were already present at the start of telemetric measurements (after 4 months of HF diet), and there was no significant change during the 2-month measurement period. Locomotor activity levels, measured as changes in signal strength by the telemetry system, were similar between control and HF rats during the day (48±11 AU vs. 49±11 AU, P¼0.90), and although activity levels were slightly reduced in the HF group compared with controls during the night, this difference was not statistically significant (160±15 AU vs. 186±21 AU, P¼0.51).
Cardiovascular stress responses MABP and HR increased rapidly in response to stress in both experimental groups, with similar peak values of MABP and HR in the control and HF rats (Figure 3) . MABP began to decline during stress both in the control and HF animals, but the post-stress recovery of MABP was significantly slower in the HF animals. Although MABP returned to pre-stress values in the control rats in 15 min, it remained elevated till the end of post-stress measurements in the HF group. HR also started to decline during stress in the control group, but remained elevated in the HF rats, resulting in significantly higher HR during the second part of stress. Interestingly, there was a second peak in the HR recordings at the end of the stress period, elicited most likely by the stress associated with the removal of animals from the restrainers. During the post-stress period, HR returned to normal levels in about 15 min in the control group, whereas remaining significantly elevated in the HF group till the end of post-stress measurements ( Figure 3 ).
Hypothalamic effects of HF feeding AT 1 receptor expression increased significantly in the hypothalamus in response to HF diet feeding, and the AT 1 receptor protein level was 19±5% higher in the HF group compared with controls ( Figure 4 , Po0.05). In addition, the hypothalamic levels of NADPH oxidase subunits were also elevated in the HF-fed animals. The NOX2 protein level was more than twofold higher in the HF group compared with controls (Po0.01), whereas regulatory subunits, p67 phox and p47 phox , increased by 19 ± 6% (Po0.05) and 30 ± 6%, respectively (Figure 4 , Po0.05). In concert with these changes, NADPH oxidase activity was also elevated by HF feeding in the hypothalamus, and was 78 ± 23% higher in HF rats compared with controls ( Figure 5 , Po0.05). In contrast, HF feeding did not significantly affect the levels of antioxidant enzymes. CuZnSOD protein level decreased by 13 ± 10% (P¼0.36), MnSOD protein level decreased by 14 ± 9% (P¼0.30), whereas catalase remained unchanged (À1±9%, P¼0.91) in HF rats compared with controls. Protein levels of nNOS and iNOS were also evaluated in the hypothalamus, however, HF diet feeding did not alter the expression of these enzymes either. nNOS and iNOS changed HF diet-induced changes in the adrenal medulla TH expression increased significantly in the adrenal medulla in response to HF diet feeding, and the TH mRNA and protein levels were elevated by 90 ± 11% (Po0.05). and 29 ± 3% (Po0.05) in the HF group compared with controls. In addition, NPY mRNA increased by 80±11% (Po0.05), whereas AT 1 receptor protein levels increased by 43 ± 13% in the adrenal medulla of HF animals compared with controls ( Figure 6 , Po0.05). 
DISCUSSION
The major results of this study are that HF diet feeding increases the hypothalamic expression of AT 1 receptors and subunits of NADPH oxidase in obesity-prone Sprague-Dawley rats, whereas the levels of antioxidant enzymes as well as nNOS and iNOS remain unaltered. HF feeding also increases the protein levels of AT 1 receptors in the adrenal medulla, and elevates the adrenomedullary TH and NPY expressions. These hypothalamic and adrenomedullary changes are paralleled by significant increases in day-and nighttime blood pressure and daytime HR in HF animals, as well as delayed recovery from restraint stressinduced blood pressure and HR elevations. Obesity is a well-known risk factor for hypertension in humans, and HF diet-induced obesity increases the blood pressure in several animal models including dogs 19 and rabbits. 20 However, HF feeding in rats led to mixed results. Although some studies reported significant increases in blood pressure using tail cuff measurements, 21, 22 others that used telemetry showed no change. 23 In addition, the question was raised that higher blood pressure values measured with tail cuff in HFfed animals were the result of an augmented stress response to restraint accompanying this blood pressure measurement procedure. This explanation is supported by those findings where obesity leads to amplified and longer lasting cardiovascular stress responses in obese Zucker rats 24 and in spontaneously hypertensive rats fed with an HF diet. 25 Therefore, in this study, we decided to test whether blood pressure, measured in freely moving obesity-prone rats, can be increased by a diet with higher fat content (60% of total calorie), fed for a longer period (24 weeks) compared with the 32% HF diet fed for 10-12 weeks in earlier rat studies. [21] [22] [23] This diet treatment led to significantly elevated body weight and dyslipidemia; however, the plasma insulin and glucose levels were not elevated compared with chow-fed rats. This could be because both our control and HF diet-fed rats were selectively bred obesity-prone rats that show signs of metabolic syndrome even when fed with regular chow. 17 Furthermore, our results indicate that this more robust diet treatment leads to cardiovascular changes that resemble those observed in humans and other experimental models. Blood pressure increased significantly, and the diurnal pattern of HR was also disrupted; therefore, the reduction of HR during the resting daytime period became significantly attenuated.
Reduced dipping of blood pressure and HR has been observed in hypertensive humans, and it has been associated with a higher incidence of left ventricular hypertrophy, microalbuminuria, cerebrovascular diseases, and stroke. [26] [27] [28] In addition, reduced dipping was also observed in type II diabetic patients, 29 as well as in rabbits fed with an HF diet. 20 The circadian variation of blood pressure is thought to be controlled by the autonomic nervous system, and a non-dipping pattern is usually correlated with higher SNS activity or reduced parasympathetic activity and hypertension. 30 Interestingly, in our model, only the circadian rhythm of HR was affected, whereas the pattern of blood pressure was maintained despite higher diurnal and nocturnal values. Antic et al. 20 have shown in HF diet-fed rabbits that circadian changes in HR and blood pressure are regulated differently; however, further studies are needed to examine why the patterns of blood pressure and HR are influenced differently in the rat. Nevertheless, our results suggest that nighttime BP remains significantly elevated in HF rats despite normal nighttime HR values because of vasoconstriction and an increase in peripheral vascular resistance.
In addition to elevated blood pressure and changes in the circadian pattern of HR, our study has also shown that post-stress cardiovascular recovery is delayed in HF diet-fed animals. These data confirm earlier findings from studies in Zucker obese and spontaneously hypertensive rats. 24, 25 Such delays in cardiovascular recovery from stress could have an important role in the development of obesity hypertension, as adaptation to stressful stimuli from the environment is part of everyday life, and dietary obesity may significantly potentiate the impact of daily stressful experiences on the cardiovascular system. The importance of this effect of diet-induced obesity is further supported by those studies that showed that delayed cardiovascular post-stress recovery is associated with elevated risk of hypertension. 31 Although the underlying mechanisms are not completely understood, a proposed mechanism is that b-adrenergic vasodilation, which seems to have a key role in lowering blood pressure after stress in lean animals, is reduced in the obese. 24 However, data from our study show that besides blood pressure, the recovery of HR is also delayed. This suggests that central SNS regulation is affected by HF feeding, too, and our results indicate that one possible way how diet-induced obesity may affect blood pressure regulation is through altered central redox signaling.
Zanzinger et al. 32 have shown that oxidative stress in the brain stem increases SNS activity, heart rate and blood pressure, which can be reversed with local injections of SOD. In addition, reports indicate that redox signaling mediates central AngII-induced cardiovascular responses. [6] [7] [8] [9] [10] As obesity is associated with systemic oxidative stress, 13, 33 we hypothesized that HF diet-induced obesity could increase superoxide production and/or reduce antioxidant capacity in the brain resulting in elevated SNS activity and blood pressure. In this study, we found that NOX2, the main membrane-associated subunit of NADPH oxidase, and two regulatory subunits, p47 phox and p67 phox , are significantly upregulated in response to HF feeding in the hypothalamus resulting in increased NADPH oxidase activity. In contrast, antioxidant enzymes such as MnSOD, CuZnSOD and catalase are unaffected. These results suggest that there might be an imbalance between production and elimination of reactive oxygen species in the hypothalamus of HF diet-fed animals, which may contribute to elevated SNS activity and BP. A possible mechanism underlying the upregulation of NADPH oxidase is increased Ang II signaling. 10 Our results show that HF feeding significantly increases AT 1 receptor expression in the hypothalamus, and this change in the expressions of AT 1 receptor and NADPH oxidase could also explain why pressor responses to centrally infused AngII are elevated in obese animals. 5 Moreover, as central AngII and NADPH oxidase-dependent superoxide production have a significant role in the mediation of stress-induced pressor responses, 9 the upregulation of AT 1 receptor and NADPH oxidase without a compensatory increase in antioxidant enzymes could mean that turning off this sympathoexcitatory pathway may take longer in obese animals resulting in the observed delay in post-stress recovery of blood pressure and HR. In this study, we only analyzed changes in hypothalamic redox signaling, but similar changes in the AngII-NADPH oxidase pathway may occur in other regulatory nuclei, such as the nucleus tractus solitarius or the rostral ventrolateral medulla. Further studies will be needed to clarify whether dietinduced obesity affects these different brain regions similarly causing autonomic dysregulation at multiple sites.
The rate of adrenomedullary catecholamine biosynthesis has been shown to correlate with SNS activity. For example, we and others have previously shown that TH, the rate-limiting enzyme in catecholamine biosynthesis, is upregulated in the adrenal medulla in response to stress, 34 central AngII infusion 35 and also with age. 36 Thus, in this study, we examined whether HF diet feeding is also associated with an increase in adrenomedullary TH protein levels. Our data show that both the mRNA and protein expressions of TH increased significantly in response to HF feeding. In addition, we have shown that NPY, which is coreleased with catecholamines in the adrenal medulla, was also upregulated in the HF diet-fed animals. Besides the increased SNS activity, peripheral mechanisms, such as the systemic renin-angiotensin system, may also influence adrenomedullary catecholamine biosynthesis. Both the AT 1 and Ang type-2 receptors are expressed in the adrenal medulla, but the activation of AT 1 receptors seem to mediate the upregulation and activation of adrenomedullary TH. 37, 38 In this study, we found that the AT 1 receptor was upregulated in the HF diet-fed animals. This finding, together with those previous reports that the systemic renin-angiotensin system is activated by HF feeding, 22 suggests that AngII may contribute to the upregulation of catecholamine biosynthetic enzymes in the adrenal medulla, and to the elevated plasma catecholamine levels observed in obese subjects. 39 In conclusion, this study shows that feeding obesity-prone SpragueDawley rats with a 60% HF diet for 24 weeks results in elevated BP, reduced daytime HR dipping and delayed cardiovascular post-stress recovery. In addition, HF diet feeding upregulates AT 1 receptors and NADPH oxidase subunits in the hypothalamus with a concomitant increase in NADPH oxidase-dependent superoxide production, possibly leading to superoxide-mediated sympathoexcitation and hypertension.
